We use realistic pseudopotentials and a plane-wave basis to study the electronic structure of non-periodic, three-dimensional, 2000-atom (AlAs) n /(GaAs) m (001) superlattices, where the individual layer thicknesses n, m ∈ {1, 2, 3} are randomly selected. We find that while the band gap of the equivalent (n = m = 2) ordered superlattice is indirect, random fluctuations in layer thicknesses lead to a direct gap in the planar Brillouin zone, strong wavefunction localization along the growth direction, short radiative lifetimes, and a significant band-gap reduction, in agreement with experiments on such intentionally grown disordered superlattices.
. Since the average layer thickness is 2 monolayers, one can think of this d-SL as evolving from an (A) 2 /(G) 2 o-SL by random substitution of A 2 and G 2 layers by A 1 , A 3 , G 1 , and G 3 layers ("δ-doping"). Such disordered superlattices have shown surprising and unique optical properties relative to their parent o-SL [3] : (a) strong and initially fast decaying (lifetime τ = 0.25 ns at T = 77 K) photoluminescence (PL) intensity even though the equivalent o-SL has an indirect band gap and thus emits both weakly and slowly, (b) a large red shift (∼60 meV) of the PL peak with respect to the equivalent o-SL, and (c) an order of magnitude slower rate of reduction of the PL intensity with temperature.
These unusual properties of d-SL's appear very attractive for optoelectronic applications [3] .
In modelling the electronic structure of a d-SL [2, 6, 7] , one faces difficulties arising from the existence of two entirely different length scales: (i) The lack of translational symmetry requires the use of unit cells with a macroscopic length N ≈ 1000 ML, equal to the total length of the d-SL (Nd ≈ 300 nm, where d is the monolayer thickness). (ii) The spatial variations of the electron potential, however, occur on a microscopic length scale of about 0.1 nm. While it is possible to rescale the microscopic length scale by replacing the periodic atomic potential by an external, rectangular potential [2, 6] , this approach fails to describe the band structure (e.g., the indirect gap of the (AlAs) 2 /(GaAs) 2 o-SL) in the present regime of rapid layer fluctuations. To overcome the problems arising from the existence of two disparate length scales, we extended a microscopic pseudopotential description of the electron structure to a macroscopic length scale necessitated by the absence of translational symmetry. We use fixed (screened) atomic pseudopotentials that were carefully fitted to bulk band structures, effective masses, deformation potentials, band offsets, and energy levels in superlattices [8] . The wavefunctions are expanded in about 30 plane waves per atom. For an N-monolayer superlattice along (001) with two atoms per monolayer the corresponding matrix dimension is therefore about 60N × 60N. Standard techniques to solve the Schrödinger equation require orthogonalization of the states of interest (i.e., near the band gap) to all lower-lying states. This leads to an N 3 scaling of the effort and becomes impractical for structures with N ≈ 100 ML. We use instead the "folded-spectrum" method [9] , where eigenstates are obtained directly in an energy window of interest (e.g., near the band gap), without having to solve for any of the ∼ 8N lower-lying eigenstates first, thus circumventing the need for orthogonalization. The effort scales linearly with N, allowing us to use the realistic, three-dimensional pseudopotentials, and to solve the Schrödinger equation in a highly flexible plane-wave basis even for N = 1000 ML.
Application to d-SL's of AlAs/GaAs leads to an explanation of the large red shift, the enhanced oscillator strength, and the weak temperature dependence in terms of band-edge wavefunction localization. The source of localization is interesting: In truly one-dimensional disordered chains all states are in general localized [4, 5] . However, the laboratory-grown [3] d-SL's have extended layers in the (x, y) plane (perpendicular to the disorder direction z =
[001]), so these quasi one-dimensional systems retain in fact a three-dimensional character, and the states need not be localized by disorder. We will show that the localization in the d-SL originates mostly from the formation of impurity-like, localized bound states due to insertion of δ-layers into the o-SL.
In Fig. 1 (a) we show the planar wavefunction average |ψ
occupied and unoccupied band-edge states of a d-SL with a 1000-monolayer unit cell. We see that these band-edge wavefunctions are sharply localized. We can quantify the effective localization length (in monolayer units) for wavefunction ψ E at energy E as [5]
where the sum extends over the grid points i along z, and h is the number of grid points per monolayer. For a truly extended state, L eff is of the order of N, while for a state localized on one site, L eff = 1. We find that L eff < ∼ 15 ML for the band-edge states. The asymptotic with increasing degree of disorder. Scenario (i) is motivated by the fact that in one dimension an attractive δ-potential always has one bound state, whereas scenario (ii) is valid for the Anderson model with on-site disorder obeying a continuous probability distribution [5] . In our case of a discrete probability distribution p(n), we connect the two pictures by starting with the reference o-SL (A) 2 /(G) 2 , and gradually substituting A 2 and G 2 layers by "wrong" layers with n = 1 or n = 3. We measure the degree of disorder by counting the relative frequency R of these layers, i.e.,
The fully disordered SL has R = 1, the single δ-layer in an ordered (A) 2 /(G) 2 superlattice corresponds to R ≈ N −1 , while the perfect o-SL has R = 0.
To understand the possibility of impurity-like localization, consider for example a G 3 δ-
If the G 3 δ-layer is attractive to electrons (holes) it will bind a state below the conduction-band minimum (CBM) [above the valence-band maximum (VBM)] of the o-SL [10] . We find that a (GaAs) 3 δ-layer in the (AlAs) 2 /(GaAs) 2 o-SL indeed binds an electron and a hole [ Fig. 1(b) ], while an (AlAs) 3 layer binds an electron but does not bind a hole [ Fig. 1(c) ]. The bound-state localization lengths γ −1 and L eff obtained with a single δ-layer are similar to those obtained in the fully disordered SL (Fig. 1) , suggesting that the same mechanism of localization could be at work in both cases. As one increases the concentration R of randomly positioned δ-layers, one finds more bound states which are eventually forming a quasi continuum inside the band gap [11] . This is illustrated in Fig. 2, where the band-edge energies of d-SL's with N = 128 ML [12] are plotted as a function of the degree of disorder R. As R approaches zero, the band edges merge with the finite binding (with CBM atM). This suggests strongly that the observed [3] strong PL intensity is due to the occurrence of a direct band gap, leading to efficient recombination of electrons and holes localized in the same spatial region along z [see, e.g., the same positions along the chain of states v2 and c3 in Fig. 1(a) ]. The localization along z relaxes the k -selection rule, thus further enhancing the oscillator strength. The enhanced oscillator strength is reflected by short radiative lifetimes τ : we calculate τ = 1 ns for the v2→c3 transition at energy 1.96 eV [ Fig. 1(a) ]. These radiative lifetimes are 1000× faster compared to those measured in indirect-gap o-SL's (τ ≈ 5.5 µs at T = 2 K) [16] .
To understand why the PL intensity in a d-SL has a weaker temperature dependence than in an o-SL, consider vertical transport to non-radiative recombination centers. This channel will be inhibited, unless there are strongly overlapping electron states within an 6 energy ∼ kT of each other. Strong overlap occurs when
where ρ(E) is the one-dimensional density of states, and E T is a typical energy that is thermally occupied at temperature T . 
